INTRODUCTION

Industry increasingly requires advanced properties in refrac-
EXPERIMENTAL PROCEDURES
tory composite materials, for example improved hardness,
Mechanical alloying
purity, and chemical stability, and more economical proStarting elemental powders used were Ti (Osaka Titanium cessing. Carbide, boride, and nitride composites are of Co., 99·0% purity, 325 mesh), B (Aldrich Chemical Co., interest because of their superior mechanical properties and 95% purity, 325 mesh), and Al (Aldrich Chemical Co., chemical stability relative to metals.1,2 There is particular 99% purity, 200 mesh). Three initial compositions were interest in TiB 2 ceramics because of their intermediate mechanically alloyed, consisting of Ti/Al/B elemental molar metal/ceramic character, with high melting point, remarkratios of 0·9:0·1:2·0, 0·7:0·3:2·0, and 0·5:0·5:2·0. Mechanical able hardness, good chemical stability, and high electrical alloying was performed in a planetary ball mill with a ball/ conductivity. Thus, TiB 2 is expected to nd application as powder ratio of 10:1 at 350 rev minÕ 1. Milling in vacuum a high temperature material, for high speed cutting tools, was continued until no further reaction was observed surface protection, armour cladding materials, refractories (typically for 150-180 min). Samples were checked by X-ray for Al smelting, electrodes for magnetohydrodynamicgenerdiVractometry (XRD) every 30 min to determine the proators, and as an antiabrasive in corrosive environments. 3, 4 gress of synthesis. Despite their excellent structural and electrical properties, TiB 2 ceramics are known to be very diYcult to consolidate
Consolidation of nanocomposites by SPS
because of their strong covalence (and hence limited ducThe powder obtained just before synthesis was complete tility) and thermal expansion anisotropy.5 Conventional was chosen for consolidation as being in the optimum state consolidation involves heating elemental powders or mixto minimise grain growth and allow full densi cation at tures to close to their melting point, consuming excessive energy but achieving almost full densi cation. low sintering temperature. As shown in the overview of consolidation. and quantitative phase analysis was conducted using EDS As expected, the initial powder composition critically (Leica Cambridge Ltd, Oxford). The density of sintered aVected consolidation and mechanical properties. XRD bodies was determined according to Korean standard KSL scans for three initial powder mixes as mechanical alloying 3114 for porosity, absorption, and speci c gravity measureproceeds are shown in Figs. 2-4. The peaks tend to become ment in refractory bricks. The sintered specimen was boiled weaker but broader with time, a common phenomenon in at 100°C for 3 h to calculate the volume from the weight mechanical alloying that results from the internal stress and of buoyancy and bubbles for dried weight. To obtain the high densities of lattice defects in the powder and leads to relative density of the composite, speci c weight was divided microstructural re nement and powder homogenisation, by theoretical density. and in some instances to amorphisation of the strucutre.10 An Instron mechanical tester (Instron Japan, model 4204)
Increasing milling time up to 120-180 min produced a was used at 0·5 mm minÕ 1 cross-head speed, with 15 mm sudden change of phase, with the appearance of new peaks span distance for three point bending strength applying a representative of TiB 2 and the disappearance of peaks of fracture load. The generation of a more homogenised powder with a higher speci c surface area by grinding the powder mixture to a smaller size before mechanical alloying would be bene cial in producing higher activation, leading to a lowering of synthesis temperature.16 Change of microstructure with mechanical alloying time in the 0·3 mol Al composition is shown in Fig. 5 . Figure 5a is before mechanical alloying of the mixture, and Fig. 5b with some ake phase observed after 30 min. Initially, ake shaped particles appear to form as a result of powder particles being compressed between ball and ball or ball and wall. As milling time increases, particles gradually become more spherical, and individual particles become increasingly layered as a result of contact between ne micropowders. The change in macroparticle size, layered with micro ne powder, with time is caused by a continuous contact pressure and fracture mechanism.
Figure 5e is just before the complete synthesis stage 6 X-ray diVraction patterns of Ti-Al-B composites sintered by SPS: a composition 0·1, b composition 0·3, c composition 0·5 (mechanical alloying for 120 min) and Fig. 5f just after 
EDS results for composition 0·1 sintered by SPS
separate the boride particles, leading to a morphology more typical of interfacial fracture. Figure 7a (0·1 mol Al ) shows the largest particle size of the three compositions, but seems denser, with an irregular distribution of Al over the fracture surface. Figure 7b (0·3 mol Al) shows smaller particle size, indicating the smallest particle of Al on the fracture surface that could act as a fracture initiating defect. In Fig. 7c (0·5 mol Al ), precipitated Al exists on the TiB 2 particle faces, presumably as a result of the presence of a liquid phase during sintering, which is considered to lead to cracking during rapid cooling following SPS.
Compositional analysis was performed by EDS on interesting microstructures detected in the SEM micrographs, as shown in Figs. 8-10 . In Fig. 8 (0·1 mol Al), only Ti was detected in ne particles (a), whereas 7·07 wt-%Al was detected in the larger particle (b). In Fig. 9 (0·3 mol Al ), the ne particles at (a) are considered to be TiB 2 phase; the larger particles at (b) and (c) consisted mostly of Ti with a little Al, having compositions very close to that of particle vacuum at 1400°C could be detected. No deposition of Al on the mould wall and no change in composition owing to evaporation were observed. It is considered that diVusion out of the boride network cannot occur to any signi cant complete synthesis at 150 min. The particle (as opposed to extent in the time periods under consideration. agglomerate) size after synthesis is very ne (<300 nm), as While XRD of the sintered body did not reveal the shown in Figure 5f ; submicrometre size is also observed presence of Al, EDS showed contents of 7-40 wt-%Al, just before the synthesis stage in Fig. 5e . This proves that suggesting that Al is present in an amorphous state on the the submicrometre size mixture could be obtained just TiB 2 grain boundaries. The micro ne, highly activated before the synthesis stage by mechanical alloying.
powders used in the present research, processed by mechanical alloying and SPS with low sintering temperature and
Characteristics of sintered body
time, appear to have suppressed grain growth. Thus, the large particles observed in the microstructure appear to be The XRD pattern of the sintered body consolidated by SPS shows TiB 2 peaks only, as shown in Fig. 6 . No Al peaks nanosize TiB 2 with an amorphous Al second phase present at grain boundaries. are detected, although the higher Al composites have lower TiB 2 peak intensity. Residual Al on TiB 2 grain boundaries Transmission electron microscopy was performed on lm specimens from the bulk body, which was machined and seems to remain in an amorphous state during rapid cooling after SPS.
ion milled by a Gatan PIPS ion miller. Figure 11 shows a TEM micrograph of a Ti-Al-B composite of about 500 nm Fracture surfaces of Ti-Al-B composites are shown in Fig. 7 . In general, with increasing Al content, the presence particle size, in which numerous grain boundaries surrounding particles exist. EDS analysis (Fig. 12) showed particle of a greater quantity of liquid phase would be expected to ). The near spherical mechanically alloyed crystalline powder appears to prevent grain growth at short sintering times. The bright area ( b) contains 86·64 wt-%Al plus unreacted Ti and B, and is likely to be a ternary amorphous phase, on the basis of an analysis by controlled sight diVraction pattern and EDS. Figure 13 shows the relative density of Ti-Al-B nanocomposite consolidated by SPS. As noted from the SEM micrographs, the 0·3 composition considered the densest 12 EDS analysis of Ti-Al-B composite sintered by SPS 10 EDS results for composition 0·5 sintered by SPS 13 Relative density of Ti-Al-B composites sintered by SPS addition and prevention of grain growth staying at the nanosize level and of increasing relative crack length in fracture. Figure 15 shows Vickers hardness measurements for the Ti-Al-B composites. Hardness decreased with increasing Al content, showing the highest value of 19·6 GPa in the 0·1 mol Al composition.
